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Abstract. Differential cross sections of the reaction p{d,^ He)7 have been measured at deuteron laboratory 
energies of 110, 133 and 180 MeV. The data were obtained with a coincidence setup measuring both the 
outgoing ^He and the photon. The data are compared with modern calculations including all possible 
meson-exchange currents and two- and three- nucleon forces in the potential. The data clearly show a 
preference for one of the models, although the shape of the angular distribution cannot be reproduced by 
any of the presented models. 
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1 Introduction 

Few-nucleon systems have been extensively used in the 
past to investigate various facets of the nuclear forces. 
Nucleon-nucleon forces (2NF) are now quite well estab- 
lished and modern potentials predict all possible observ- 
ables with a reduced very close to unity fP . Reactions 
which involve more than two nucleons probe parts of 2NF 
which are not directly accessible in nucleon-nucleon scat- 
tering. These reactions could involve a real or virtual pho- 
ton in the final state such as in bremsstrahlung process 
or a third nucleon present in the interaction. Precise mea- 
surements in the past exploiting in a bremsstrahlung pro- 
cess showed clear disagreements between the theoretical 
predictions and the experimental data [2l[3j|4l[5l[6j[7l[8j|9l 
[TUiril,12,13 although recent attempts in theory seem to 
alleviate some of the discrepancies [Tl] . Also the proton- 
deuteron scattering process at intermediate energies showed 
a need for three-nucleon forces (3NF) in the Hamilto- 
nian and, even then, the present models for these forces 
are not adequate to describe all of the data [15jl6jl7, 
[TailllSnillllllllSllMllSSllMlllIllMllMllMllSIllSl]- There is 
an important difference in the two processes mentioned. 
The bremsstrahlung process involves a photon in the final 
state, thereby emphasizing the role of Meson-Exchange 
Currents (MEG) while in the case of proton-deuteron scat- 
tering only hadrons are present in the initial and in the 
final states. In that sense, the off-shell behavior of parti- 



cles could be different depending on the momentum with 
which the interaction is probed. The radiative capture pro- 
cess is a particular case in which large momentum mis- 
matches are involved making this process very attractive 
to probe the high-momentum parts of the wave functions. 
The two-body radiative capture has been extensively stud- 
ied in the past and physical observables could only be de- 
scribed once MEG were taken into account. 

For the three-body hadronic scattering, the 2NF can 
be used in a Faddeev calculation which produces exact 
results. Here, the problem resides in modeling the right 
3NF for this process. For the three-body bremsstrahlung 
process, no attempt has been made to implement MEG 
in a potential model calculation. For the proton-deuteron 
radiative capture process, both the MEG and 3NF should 
be taken into account. For intermediate photon center-of- 
mass energies (up to 100 MeV), the effects of the 3NF 
are shown to be rather small making this process ideal 
to study the MEG at the specific kinematics of the cap- 
ture process. Data are rather scarce on this process. Ex- 
periments have been performed either with a proton or 
deuteron beam. Most of these experiments used a solid 
target (in the form of GH2 or GD2) making it necessary 
to perform a careful study of the backgrounds [551IM1I551 

In this paper, we report on an exclusive measurement 
of differential cross sections of the proton-deuteron radia- 
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Fig. 1. Cut through the mid plane of the BBS and the corre- 
sponding detector systems. The beam first enters the Plastic 
Ball (PB) and hits the target located in the center of the PB 
before entering the BBS. Particles with the same momenta are 
focused to the same position in the focal plane of the magnet 
(where VDCs are located), regardless of their initial direction. 
The two segmented scintillators which are located after the 
last VDC are used as hardware triggers and used to identify 
the ^He. 



tive capture process obtained at incident polarized deuteron- 
beam energies of 110, 133 and 180 MeV. The analyzing 
powers obtained in the same measurement have already 
been published [Sj- Here, the cross section data will be 
presented and compared with theoretical models. The first 
model developed by the Bochum-Cracow groups [551155] 
is a rigorous Faddeev calculation with the Argonne V18 
(AVIS) 2NF as input with the addition of the Urbana- 
IX 3NF. The coupling with a photon is described via 
two different approaches. The first approach supplements 
the single-nucleon current operator by exchange currents 
which take explicitly into account tt- and p-like meson- 
exchange contributions. Alternatively, the meson-exchange 
currents are included using the extended Siegert theo- 
rem. In this form, electric and magnetic multipoles are 
kept to very high orders for the one-body operator. As 
a consequence of the Siegert theorem, only many-body 
currents in the electric multipoles are accounted for. The 
second calculation is from the Hannover-Lisbon theory 
groups [1^, which describes the process using the purely 
nucleonic charge-dependent CD-Bonn potential and its 
coupled-channel extension CD-Bonn-|-Z\. Within this ap- 
proach, the Z\-isobar excitation mediates an effective 3NF 
with prominent Fujita-Miyazawa and Illinois ring-type con- 
tributions. These contributions are based on the exchanges 
of TT, p, (jj, and a mesons and are mutually consistent. 
The electromagnetic current in the Hannover-Lisbon ap- 
proach has one-baryon and two-baryon contributions and 
couples to nucleonic and Z\-isobar channels. Therefore, the 
Z\-isobar generates consistently effective two- and three- 
nucleon currents in addition to a 3NF. 



2 Experimental setup 

The experiment was performed in 2003 at the Kernfysisch 
Versneller Instituut (KVI) in Groningen, The Netherlands. 
A polarized deuteron beam was produced with the su- 
perconducting cyclotron, Accelerateur Groningen ORsay 
(AGOR). The beam with an intensity of wO.5 nA im- 
pinged on a 58±3 mg/cm^ liquid-hydrogen target [H] 
placed at the center of the Plastic Ball (PB) P^I131I42[ 
which was used to detect the photons coming from 
the radiative capture reaction. The '^He ions were de- 
tected with the Big-Bite Spectrometer (BBS) [U- Fig- 
ure [1] shows the experimental setup used in this exper- 
iment. The BBS is a QQD-type spectrometer and has, 
therefore, two quadrupole magnets (Q) and one dipole 
magnet (D) with an angular acceptance of «3.8°. The in- 
strument is designed such that an image of a target spot 
is produced at the focal plane. At the position of this focal 
plane, two vertical drift chambers (VDCs) were mounted, 
measuring the position and the angle of the '^He traversing 
the focal plane. After the last VDC, two segmented scin- 
tillators are located. The event trigger is based on a coin- 
cidence of signals from the two scintillator planes. The re- 
sponse of the last scintillator is shown in Fig. [2] for a beam 
energy of 180 MeV. This scintillator is made of NE102A 
with the thickness of 8 mm. The signals of the scintillator 
are integrated and digitized by charge-integrating QDCs. 
In this figure, the digitized information of the QDC, cor- 
responding to the deposited energy in the scintillator, is 
plotted against the reconstructed energy of '^He from the 
momentum analysis of the spectrometer for the cases when 
at least one photon is detected by the PB. The coincidence 
condition reduces the peak to noise ratio to about 12/1. 
A clear band can be observed corresponding to ^He par- 
ticles which punch through the scintillator at an energy 
of around 123 MeV. Figure [3] shows the laboratory polar 
angle of detector modules of the PB plotted against the re- 
constructed energy of '^He for the same events as shown in 
Fig. [21 A clear correlation can be observed which matched 
perfectly the expected kinematical correlation of the reac- 
tion of interest as shown by the solid line. 

3 Data analysis and results 

The precision of the measured absolute cross section de- 
pends strongly on the knowledge of the photon detection 
efficiency of the PB. Due to the low Z of the organic scin- 
tillators of the Plastic Ball, some photons do not interact 
with the material or if they do, they leave energies which 
are below the detection threshold. The corresponding effi- 
ciency was obtained with the help of the GEANT3 trans- 
port code as explained in [43^ and found to be around 
50%. The exact number depends on the photon energy 
and the actual threshold for each detector which was ob- 
tained through a careful calibration of each scintillator 
element. The threshold varied between 5 to 15 MeV for 
all the crystals. In the simulations, care was taken to ac- 
count for those detectors which were not operating prop- 
erly during the measurement. In addition, the PB covers 
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Fig. 2. The QDC ciiannel number of the scintillators of the 
BBS plotted against the reconstructed energy of the '^He pass- 
ing through the scintillators which determine the trigger. At 
least one photon is required to have been detected by the PB. 
The BBS was placed at a scattering angle of 3.5° and the 
deuteron-beam energy was 180 MeV. 
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Fig. 3. The laboratory polar angle of detector modules of the 
PB plotted against the reconstructed energy of the ^He. The 
events were selected using the same conditions as used for the 
data shown in Fig. [2] The expected kinematical correlation of 
the proton-deuteron radiative capture reaction is shown by a 
solid line. 



all azimuthal angles whereas the BBS, which detects the 
coincident ^He particles, has a small coverage in the az- 
imuthal angle. This geometrical effect was also calculated 
and corrected for. The efhciency of the '^He detection and 
reconstruction has been unambiguously determined using 
the events from the radiative capture process. This anal- 
ysis yields efhciencies ranging from 65-95% depending on 
the energy of the '^He. The dominant part of the ineffi- 
ciency is related to a deficiency in the reconstruction of 
the ■^He momentum and is well understood. The thickness 
of the liquid-hydrogen target was determined from a con- 
current measurement of the counts of the deuteron-proton 
elastic scattering process. The obtained experimental un- 
normalized cross sections were compared to the known 
cross sections of this reaction at the same energy. This 
comparison yielded a target thickness of 58±3 mg/cm^. 
The uncertainty of the target thickness was obtained from 
a quadratic sum of the various individual uncertainties, 
namely 1% statistical accuracy of the measurement of the 
elastic cross section, 2% due to the uncertainty in the re- 
construction, 4% due to the binning in the center of mass, 
and 4% due to the cross sections used in the comparison. 
As a cross check, an additional measurement of the ra- 
diative capture cross section was conducted using a solid 
CH2 target with a thickness of 12.0±0.5 mg/cm^. Due 
to large energy loss of the '^He in the liquid-hydrogen tar- 
get, the experiment with the 110 MeV deuteron beam was 
also performed using the solid CH2 target. The absolute 
cross sections of this study were found to be consistent 
with the measurement using the liquid- hydrogen target. 
As mentioned earlier, polarized deuteron beams were used 
in these measurements making it possible to obtain ana- 
lyzing powers in addition to cross sections. These observ- 
ables suffer much less from normalization problems and 
were, therefore, produced first. The results have already 
been published for the vector and tensor analyzing pow- 
ers [37] and are shown in Figs. Eland [S] The main goal of 
the present work is to present the corresponding differen- 
tial cross sections. 



Our cross section data are depicted as open circles in 
Fig. [5] as a function of the center-of-mass angle of the 
photon-proton system. The uncertainties shown in the fig- 
ure are a quadratic sum of a 5% point-to-point (FTP) sys- 
tematic uncertainty and the pure statistical uncertainty. 
The FTP error stems from the uncertainty in the thresh- 
old determination of the Plastic Ball (PB) detectors. These 
thresholds are estimated independently for each ring in the 
PB, and therefore vary as a function of the center-of-mass 
angle. The uncertainties do not include the overall uncer- 
tainties related to the target thickness (« 6%), the ^He 
detection (w 2%), and the photon detection efficiency (« 
5%) yielding a total overall systematic uncertainty of 8%. 
Our data are compared to results from other experiments 
taken at 99.1 MeV/nucleon [35], 100 MeV/nucleon [51], 
and 47.5 MeV/nucleon M' . The KVI data lie about 10% 
above the other data sets after taking the energy differ- 
ences into acount and ignoring some shape differences. All 
the data agree within one standard deviation from each 
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Fig. 4. Polarization data for the deuteron-proton radiative 
capture reaction are compared to Faddeev calculations by the 
Bochum-Cracow theory group [37] • The dashed lines repre- 
sent the results of the calculation using the Siegert approxi- 
mation with the AV18 2NF as input and with the additional 
inclusion of the Urbana-IX 3NF. The dotted (2NF) and solid 
(2NF-I-3NF) lines are similar calculations for which meson- 
exchange currents are calculated using explicit n and p ex- 
changes. 



other considering the systematic uncertainties and the dif- 
ferences in incident beam energy. 

In the top panels in Fig. [SI the cross section data 
are compared with Faddeev calculations by the Hannover- 
Lisbon group where the solid (dotted) lines represent the 
predictions of a coupled-channel calculation based on the 
CD-Bonn potential with (without) an intermediate A- 
isobar. The A mediates 3NFs and generates effective two- 
and three- nucleon currents in addition to irreducible one- 
and two-baryon contributions. The bottom panels show 
the same data compared with predictions by the Bochum- 
Cracow group. Here, the dotted lines are the results of the 
Faddeev calculations with the AV18 2NF used as input. 
The solid lines are produced with the same model but now 
including the Urbana-IX 3NF as well. For both line types, 
the meson exchange-currents are obtained using explicit tt 
and p exchanges. The dashed lines represent the result of 
the calculation using the Siegert approximation with the 
AV18 2NF as input and with the additional inclusion of 
the Urbana-IX 3NF. 

The present data seem to support, in magnitude, the 
results of the Hannover-Lisbon calculations. The Bochum- 
Cracow results are underestimating the data. However, the 
angular distribution, in particular at 66.5 MeV/nucleon, 
differs from the theoretical one. The width of the peak 



Fig. 5. Polarization data for the deuteron-proton radiative 
capture reaction are compared to calculations by the Hannover 
theory group [37] . The solid (dotted) lines represent the results 
of a coupled-channel calculation based on the CD-Bonn poten- 
tial with (without) an intermediate zi-isobar. 



seems to become narrower as a function of decreasing en- 
ergy and the change is faster than observed in the the- 
oretical predictions, in particular for 66.5 MeV/nucleon. 
We furthermore note that there are only small differences 
between the predictions exploiting an explicit tt and p ex- 
change treatment and those which are derived from the 
Siegert approximation for the angular range covered by 
the experiment. Only at large backward angles one can 
observe significant relative differences between the predic- 
tions of the two approaches as shown in the bottom row 
in Fig. [BJ These differences can intuitively be attributed 
to the large magnetic contribution in the electromagnetic 
current at backward angles. In this case, the Siegert ap- 
proximation is known to fail. For the analyzing powers, 
in particular for Ay, as shown in Fig. [4] the predictions 
using the Siegert approximation are far from the full cal- 
culations showing that for these observables, the electric 
part of the MEC is not sufficient to describe the whole an- 
gular range. It is interesting to observe that even without 
the inclusion of a 3NF, the predictions by the Hannover- 
Lisbon approach for cross sections significantly differ from 
those by the Bochum-Cracow calculation. This points to 
a large sensitivity of the treatment of MEC. We, there- 
fore, expect that the dominant part of the observed de- 
ficiency of the theoretical predictions when compared to 
the experimental data stems from an incomplete modeling 
of MECs. For the analyzing powers, this deficiency is less 
pronounced and it seems that the addition 3NF within the 
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Fig. 6. Differential cross sections of the proton-deuteron radiative capture process at 180 MeV, 133 MeV and 110 MeV deuteron 
beam energies as a function of the center-of-mass angles (photon-proton angle). The results of the present work are plotted as 
open circles, while those of Ref. [33], with a 99.1 MeV proton beam (left panels) and those of Ref. |36) . with a 95 MeV deuteron 
beam (right panels) are represented by open squares. The results of Ref [34], with a 200 MeV deuteron beam are represented 
by open diamonds. For the present work, only the statistical uncertainty is shown. The overall systematic uncertainty of ±8% 
is indicated as a grey band with a thickness of 2a in each panel. The results are compared to Faddeev calculations by the 
Hannover-Lisbon group in the top panels where the solid (dotted) lines represent the results of a coupled-channel calculation 
based on the CD-Bonn potential with (without) an intermediate Zi-isobar. The bottom panels show the comparison of data 
with the predictions of the Bochum-Cracow theory group. Here, the dashed lines represent the results of the calculation using 
the Siegert approximation with the AV18 2NF as input and with the additional inclusion of the Urbana-IX 3NF. The dotted 
(2NF) and solid (2NF-I-3NF) lines are similar calculations for which meson-exchange currents are calculated using explicit n 
and p exchanges. 



Hannover-Lisbon approach brings the predictions closer to 
the data. 



4 Conclusions 

Differential cross sections of the deuteron-proton radiative 
capture at 55, 66.5 and 90 MeV/nucleon were measured 
with a coincidence setup. These cross sections were ob- 
tained ahxiost background free due to the fact that a pure 
hydrogen target was used in the experiment and that both 
outgoing particles were measured in time coincidence. The 
data are compared with a few theoretical predictions con- 
structed based on modern two- and three- nucleon poten- 



tials and taking MECs into account. The magnitude of the 
cross sections and analyzing powers from previous publi- 
cation 127] agree more with the model which incorporates 
the three-nucleon forces through the implementation of 
the A resonance in a coupled- channel approach. However, 
the widths of the angular distributions of the cross sec- 
tion data seem to behave differently from the predictions. 
The disagreement is the largest for 66.5 MeV/nucleon. 
These discrepancies cannot be explained by taking into 
account the systematic uncertainties. Both calculations 
predict that the effect of the three-nucleon forces at these 
energies are very small. We, therefore, expect that the dis- 
crepancies between data and the predictions of both mod- 
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els are strongly related to the implementation and the 
ingredients of MECs. The large differences among both 
models support this conclusion as well. 
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